The architecture of rice is greatly influenced by the growth of tillers, i.e. vegetative shoot branches. OsSPL14, a member of the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes, and strigolactones (SLs) are known to suppress outgrowth of tiller buds. OsSPL14 also regulates panicle development. We show that OsSPL14 mRNA accumulates in leaf primordia during the vegetative phase and in the primordia of bracts, or modified leaves, in the panicles, but not in the meristems. OsSPL14 is a target of miR156, and accumulation of OsSPL14 transcripts is negatively regulated by miR156. The enhancement of the expression level of OsSPL14 by the introduction of the mOsSPL14 gene, in which the miR156 cleavage site is mutated, resulted in an increase in the plastochron, an acceleration of flowering and a decrease in tiller number in the wild type and in dwarf10-2, an SL-deficient mutant. Our analysis suggests that OsSPL14 and SLs function in parallel pathways to suppress tiller growth. SLs exuded from roots trigger germination of root parasitic plants that can cause severe damage to crop productivity. SL-deficient mutants, however, exhibit an excess branching phenotype which is usually undesirable for productivity. Our results indicate that OsSPL14 can be used to manipulate the branching patterns of SL-deficient mutants. We also confirmed that this strategy is applicable to Arabidopsis. A greater understanding of the OsSPL14 and SL pathways and their interactions may help in the production of root parasite-resistant crops.
Introduction
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) proteins are plant-specific transcription factors containing a highly conserved DNA-binding domain called an SBP-box (Yamasaki et al. 2004 ). The founder members of the SPL family, SBP1 and SBP2, were identified in Antirrhinum majus as proteins that bind to a sequence motif present in the promoter of SQUAMOSA (SQUA), the MADS-box gene which specifies flower meristem identity (Huijser et al. 1992 , Klein et al. 1996 . SPL genes are widely conserved in both dicots and monocots (Guo et al. 2008) . In maize, a few SPL genes have been identified, including liguleless1 (LG1) (Moreno et al. 1997) , teosinte glume architecture 1 (tga1) (Wang et al. 2005 ) and tasselsheath4 (TSH4) (Chuck et al. 2010 ).
Some of the SPL genes are controlled by miR156 that controls phase transitions in plants. In Arabidopsis, 10 out of 16 SPL genes broadly control developmental transition and are targets of miR156 (Rhoades et al. 2002) . The expression level of miR156 is high in the early stage of shoot development, and decreases with time (Wang et al. 2009, Wu and Poethig 2006 ). Accordingly, the mRNA level of miR156-targeted SPL genes gradually increases as development proceeds, in agreement with its role in the temporal control of shoot development . In Arabidopsis, the targets of miR156 are divided into two classes, one containing SPL3, SPL4 and SPL5, encoding small proteins, and the other containing genes encoding longer proteins (Cardon et al. 1997 ). Generally, genes in both groups are involved in the control of temporal development; in particular, in phase transition and flowering. Among members of the second group, SPL9 and SPL15 are expressed during the vegetative phase and function in the control of leaf initiation (Schwarz et al. 2008) .
The rice OsSPL14 gene is the closest homolog of the Arabidopsis SPL9 and SPL15 genes and one of the 11 OsmiR156-targeted SPL genes of rice (Xie et al. 2006) . Recently, it was reported that OsSPL14 expression is also regulated by miR529 (Jeong et al. 2011) . The closest homolog of OsSPL14 in maize is tsh4, which is involved in the control of inflorescence development (Chuck et al. 2010 (Jiao et al. 2010 , Miura et al. 2010 . Cultivars that bear an increased number of grains have a mutation in the target site of miR156. Consequently, a higher level of OsSPL14 accumulates and this leads to the generation of a panicle containing an increased number of spikelets (grain-producing small branches). OsSPL14 also controls the growth of tillers (shoot branches in grass species). Although the higher level of OsSPL14 enhances shoot branching in the panicle and leads to the production of a bigger panicle generating more spikelets, the tiller number in these plants decreases (Jiao et al. 2010 , Miura et al. 2010 .
The growth of tillers is also controlled by strigolactone (SL) (Gomez-Roldan et al. 2008 , Umehara et al. 2008 , Beveridge and Kyozuka 2010 , Yamaguchi and Kyozuka 2010 . Several genes involved in the biosynthesis and signaling of SL have been identified from a diverse range of species. In rice, DWARF10 (D10) and DWARF17 (D17) [also reported as HIGH TILLERING DWARF1 (HTD1)], encoding carotenoid cleavage dioxygenase 8 (CCD8) and CCD7, respectively (Zou et al. 2006 , Arite et al. 2007 , and D27, encoding a novel ironcontaining protein, participate in the biosynthesis of SL (Lin et al. 2009 ). DWARF3 (D3) and DWARF14 (D14) (also reported as D88 and HTD2) encode an F-box leucine-rich repeat (LRR) protein and a protein of the a/b-fold hydrolase superfamily, respectively. D3 and D14 are proposed to work downstream of SL synthesis because defects in d3 and d14 mutants are not rescued by the application of SLs (Arite et al. 2009 , Gao et al. 2009 ). A few genes, such as Arabidopsis BRANCHED 1 (AtBRC1), rice FINE CULM1 (FC1/OsTB1) and pea BRANCHED1 (PsBRC1), have been identified as downstream regulators of SL (Mashiguchi et al. 2009 , Minakuchi et al. 2010 , Braun et al. 2012 ; however, the mechanisms by which the SLs control bud outgrowth are poorly understood. In particular, the relationship between SL and other pathways that affect shoot branching remains unknown.
SLs not only function as hormones to inhibit axillary bud outgrowth in plants, but they are also exuded from roots and affect arbuscular mycorrhizal fungal hyphae branching and the germination of root parasitic plants (Akiyama et al. 2010 . Root parasitic weeds are a great threat to agriculture all over the world, particularly in Africa. Striga species are hemi-parasites and affect cereals and legume crops. Although no reliable global data are available, recent figures show that in Africa, Striga infects 50 Mha, influencing 300 million farmers, with losses of US$7 billion (Parker et al. 2009 ). Despite a number of strategies and tremendous efforts made to avoid damage to crop yields caused by root parasitic plants, only very limited success has been achieved (Scholes and Press 2008) . Germination of the parasitic plants, which is the first rate-limiting step of their life cycle, is stimulated by SLs exuded from host roots (Cook et al. 1972 , Humphrey et al. 2006 . Infection by root parasitic plants is significantly reduced in SL biosynthesis mutants in rice (Umehara et al. 2008) . Therefore, SL biosynthesis mutants would be useful breeding material for parasite-resistant crops. However, because SLs also control growth of axillary buds or tillers, defects in the growth pattern in the SL biosynthesis mutants hamper their direct use for breeding. One possible solution to this problem is to manipulate the abnormal growth pattern, such as the extreme increase in shoot branching and reduced plant height, observed in the SL mutants. Further elucidation of the function and control of shoot branching by SLs at the molecular and genetic levels is critical in order to develop strategies to prevent damage by root parasitic plants.
As a first step in understanding the mechanism by which OsSPL14 controls tiller growth, we analyzed the spatial localization of OsSPL14 expression and the relationship between the OsSPL14 and SL pathways.
Results

OsSPL14 is expressed in the shoot apical meristem
It has previously been reported that OsSPL14 is expressed in shoot apices and young panicles of rice (Jiao et al. 2010 , Miura et al. 2010 . In these studies, OsSPL14 transcripts appeared to be localized in the outer region of the apex throughout development. However, these studies are limited, and the specificity of the spatial distribution of OsSPL14 expression has not been fully determined. Furthermore, although OsSPL14 is involved in the control of tiller growth, OsSPL14 expression in the tiller buds has not been demonstrated. In order to determine precisely the region in which OsSPL14 is expressed, we analyzed OsSPL14 expression in the young panicle and in axillary buds by RNA in situ hybridization analysis ( Fig. 1) . At the shoot apex transition stage, OsSPL14 expression was detected in the bract of the panicle and young leaf but not in the apical region of the meristem (Fig. 1A) . In the young panicle at the panicle branch initiation stage, accumulation of OsSPL14 mRNA at the periphery of the differentiating panicles was observed as previously reported (Fig. 1B) . We observed that OsSPL14 expression was excluded from the panicle branch meristems (Fig. 1B) . To confirm further that the OsSPL14 signal was not within the meristem region, expression of OSH1, an ortholog of KNOTTED1 (KN1), was analyzed. OSH1 is expressed in the meristematic cells and is required to maintain the meristem (Tsuda et al. 2011) . Comparison of OSH1 and OsSPL14 signals in consecutive sections clearly showed their complementary localizations (Fig. 1B, C) . OsSPL14 was detected at the periphery of the meristems and the bract, while the OSH1 signal was detected in the shoot apical meristems and the vascular bundles, as previously reported ( Fig. 1B, C ; Sentoku et al. 1999) . Transverse sections of a panicle at the panicle branch initiation stage revealed that OsSPL14 was highly expressed in the panicle bract and the outer layers of the panicle (Fig. 1D) . At the spikelet organ initiation stage, OsSPL14 was expressed in the primordia of stamens, the palea, lemma and rudimentary glumes (Fig. 1E) . In contrast, OSH1 was expressed in the meristem and the vasculature (Fig. 1F) .
Intense OsSPL14 signals were detected in the leaf primordia of tiller buds but not in the meristem (Fig. 1G) . In the consecutive sections, the complementary expression patterns of OsSPL14 and OSH1 were confirmed (Fig. 1H, I ). Our results confirm that OsSPL14 is expressed in the leaf primordia but is excluded from the meristematic cells.
Introduction of pNip::mOsSPL14 to SL mutants
Both SL and OsSPL14 mutants display an increased tiller number (Ishikawa et al. 2005 , Gomez-Roldan et al. 2008 , Umehara et al. 2008 , Jiao et al. 2010 , Miura et al. 2010 . To understand the genetic interaction between the function of SL and OsSPL14 in the control of tiller outgrowth, pNip::mOsSPL14, a construct expressing the OsSPL14 gene with a mutated OsmiR156 target site (Miura et al. 2010) , was introduced into d10-2 and d3-2, SL biosynthesis and signaling mutants, respectively. In accordance with previous reports, the introduction of pNip::mOsSPL14 caused a reduction in the number of tillers in the wild-type (WT) Nipponbare as well as in d10-2 and d3-2 backgrounds ( Fig. 2A-D ; Supplementary  Fig. S1 ). The effects of mOsSPL14 expression on tiller number reduction and on the expression levels of OsSPL14 varied amongst transgenic lines (Fig. 2E) . The effects of OsSPL14 overexpression on suppression of tiller growth were comparable in WT and d10-2 backgrounds, and the growth of tillers was almost completely suppressed in severe lines of pNip::mOsSPL14/d10-2 (Fig. 2E ). An approximately negative relationship between OsSPL14 expression levels and the number of tillers (Fig. 2E, F) suggests that the reduced tiller phenotype was caused by the increased expression of OsSPL14. On the other hand, transgenic plants that did not express OsSPL14 showed an extreme high tillering phenotype. These results suggest that SL function is not required for OsSPL14 to suppress tiller growth.
Genetic interaction between OsSPL14 and the SL pathway
Our results suggest that OsSPL14 and SL work independently or that SL works upstream of OsSPL14 in the control of tiller bud outgrowth. To distinguish between these possibilities, we expressed OsmiR156 under the constitutive Cauliflower mosaic virus (CaMV) 35S promoter. The OsmiR156 overexpression (OsmiR156ox) plants showed highly branched and late flowering phenotypes, as reported by Xie et al. (2006) . It has also been reported that exogenously supplied SLs suppress tiller outgrowth of WT plants (Umehara et al. 2008 , Minakuchi et al. 2010 . We hypothesized that if OsSPL14 works downstream of SL to suppress tiller outgrowth, then application of SLs will not suppress branching in OsmiR156ox plants in which expression of OsSPL14 is blocked. As the OsmiR156ox plants were sterile, we used the T 0 generation to test the effect of GR24, a synthetic SL analog, on branching. Treatment with 10 mM GR24 significantly suppressed tiller outgrowth in OsmiR156ox plants as well as in WT plants (Fig. 3A-C) . The effect of GR24 seemed stronger in OsmiR156ox plants compared with the WT (Fig. 3C) . These results support the hypothesis that OsSPL14 and SL work independently in the control of tiller bud outgrowth. Currently, the reason why GR24 was more effective in OsmiR156ox plants is unclear. OsSPL14 is not the only target of miR156, and OsmiR156ox affects expression of >3,000 genes of rice (Xie et al. 2012) . As a result, growth of OsmiR156ox plants is broadly affected and the plants look weak and maldeveloped. This might be a reason for the OsmiR156ox plants being more responsive to GR24.
Enhanced OsSPL14 expression prolongs the plastochron
In Arabidopsis, SPL9 and SPL15, the two closest homologs of OsSPL14, positively control the plastochron, the interval between leaf initiations. The higher the SPL9 and SPL15 expression levels, the longer the plastochron becomes. Considering the overall conservation in the functions of OsSPL14 and SPL9/15, we tested the effects of OsSPL14 on the plastochron. For this analysis, a T 0 line which showed the most severe phenotype was chosen from the transgenic lines in the d3-2 heterozygous background (pNip::mOsSPL14 d3-2/+) and its selfed progeny plants were used. Overexpression of mOsSPL14 prolonged the plastochron in both WT and d3-2 backgrounds (Fig. 4A) . Interestingly, there was no significant difference in the plastochron between WT and d3-2 plants. This was also the case in a d10-2 background ( Supplementary Fig. S2 ). The effects of mSPL14 expression on the plastochron were comparable between the WT and d3-2 (Fig. 4A) . Although the plastochron was not measured, an enormous increase in leaf number in OsmiR156ox plants is a good indication of the shortened plastochron. These results imply that OsSPL14 has a negative effect on leaf initiation. It also appears that SLs are not involved in the control of the plastochron.
Overexpression of mOsSPL14 slightly, but significantly, accelerated the heading in WT plants (Fig. 4B) . In contrast, heading time was delayed in d3-2 plants (Fig. 4B) . This suggests that OsSPL14 and SLs positively influence flowering time in rice. To test the possible genetic interaction between SL and OsSPL14 in the control of floral induction, we investigated the heading time of pNip::mOsSPL14 d3-2 plants. The heading time of these plants was somewhere between that of pNip::mOsSPL14 WT and d3-2 plants (Fig. 4B) . Thus, OsSPL14 and SL positively contribute to the control of floral transition in two independent pathways.
Introduction of mOsSPL14 into SL mutants in Arabidopsis
Our results indicate that tiller outgrowth of rice can be altered by manipulation of the OsSPL14 expression level even in the absence of SL function. This suggests that the generation of SL-deficient plants with a normal growth habit would be useful in the breeding of parasite-resistant plants. To investigate this hypothesis further, we asked whether OsSPL14 can be used to reduce secondary shoot numbers in Arabidopsis SL mutants. The construct pNip:mOsSPL14 was introduced into more axillary branches1 (max1)-4 and max2-3 mutant plants. MAX1 and MAX2 are involved in SL biosynthesis and signaling, respectively. Expression of mOsSPL14 in Arabidopsis caused slightly early flowering in a WT background (Fig. 5A-D) . In contrast, max1-4 and max2-3, SL-deficient and SL-insensitive mutants, respectively, flowered later than WT plants. Induction of pNip:mOsSPL14 accelerated flowering of max1-4 and max2-3 plants; thus, the flowering time of pNip::mOsSPL14/max1-4 and pNip::mOsSPL14/max2-3 plants was intermediate. An early flowering phenotype was also observed in pNip::mOsSPL14 plants in max1-4 and max2-3 backgrounds.
As the timing of the phase change varied among genetic backgrounds, secondary branch number was counted 20 d after bolting. Secondary branch numbers were significantly reduced in transgenic plants (Fig. 5E, F) . In the max1-4 and max2-3 backgrounds, however, the number of secondary branches was more than that in the WT, as was the case in rice. The expression of OsSPL14 was confirmed by real-time reverse transcription-PCR (RT-PCR) analysis ( Supplementary  Fig. S3 ). In the transgenic plants of three different backgrounds, the expression of OsSPL14 was high while in the non-transgenic plants it cannot be detected. These results show that overexpression of OsSPL14 was effective in Arabidopsis and that it also correlated with the reduced branch number in SL mutants. 
Discussion
Conserved functions of SPL genes in rice
It has been suggested that the functions of miR156 and its target SPL genes are evolutionarily conserved in diverse plant species (Schwab et al. 2005 , Wu and Poethig 2006 , Xie et al. 2006 , Chuck et al. 2007 ). However, not much is known about the function of SPL genes in rice. In Arabidopsis, SPL9, SPL10 and SPL15 have been implicated in the control of the juvenile-to-adult phase transition, the length of the plastochron, flowering time, shoot branching and inflorescence form (Schwarz et al. 2008 ). An involvement of OsSPL14 in the control of shoot branching and inflorescence form in rice was demonstrated (Jiao et al. 2010 , Miura et al. 2010 ; however, other aspects remained to be examined. We demonstrate that overexpression of miR156-resistant OsSPL14 in rice resulted in an increase in plastochron length and acceleration of floral transition. These OsmiR156ox plants were late flowering. These data suggest that OsSPL14 positively controls the length of the plastochron and positively controls floral transition, just as SPL9 and SPL15 do in Arabidopsis. Therefore, we further confirm the conserved functions of the SPL genes. Introduction of pNip::mOsSPL14 into max mutants caused a significant reduction in number of shoot branches, while the effect was not clear when the same gene was introduced into the WT Arabidopsis background. A reason for this might be that SPL9, SPL15 and possibly other SPL genes already exert functions to suppress branch growth, and further suppression did not occur. We cannot rule out the possibility that the growth condition we used, in which only a small number of shoot branches are generated in WT plants, hampered manifestation of a further decrease.
OsSPL14 exerts non-autonomous effects on plastochron length
It has been proposed that SPL9 works in a non-cell-autonomous way to inhibit leaf initiation in Arabidopsis . When AtmiR156 was driven by various promoters, those promoters which were expressed in the leaf primordia only, but which were not expressed in the meristem, were effective in shortening the plastochron . Similarly, expression of the miR156-resistant SPL9 by leafspecific promoters was sufficient to prolong the plastochron. Based on these results and expression of SPL9 in leaf primordia, a non-cell-autonomous function of SPL9, and probably SPL10 and SPL15, in inhibiting initiation of new leaves was proposed ). In the current study we clearly show that OsSPL14 is also expressed in the leaf primordia but not in the meristems. Therefore, it appears that the mechanism by which leaf-expressed SPL genes function to accelerate floral transition and inhibit leaf initiation during the vegetative phase is well conserved. It has been proposed that a mobile factor which acts in the meristem to inhibit leaf initiation is synthesized in the young leaf primordia . It is believed that SPL9 is a candidate inhibitory factor.
OsSPL14 regulates grain number in rice (Jiao et al. 2010 , Miura et al. 2010 . The control of grain number can be explained by the temporal control of the meristem phase change from branch meristem to spikelet meristem. A delay in this transition results in the production of bigger panicles with more grains (Ashikari et al. 2005 , Huang et al. 2009 ). ST-12 and OsSPL14 ipa1 mutants, in which OsSPL14 expression is elevated, produce panicles with more grains, indicating that the transition to the spikelet meristem phase is negatively controlled by OsSPL14. We showed that OsSPL14 is expressed in the bracts of panicle branches and spikelets, but not in the meristems during panicle initiation. This indicates that OsSPL14 expressed in the bracts (reduced leaves) regulates the transition of the meristem phase. Elucidation of the molecular mechanisms in the non-autonomous functions of SPL14 will be crucial for the further understanding of phase transition and the plastochron.
Interestingly, ABERRANT PANICLE ORGANIZATION 1 (APO1) which encodes an F-box protein ortholog of UNUSUAL FLORAL ORGAN (UFO), and ABERRANT PANICLE ORGANIZATION2 (APO2), an ortholog of Arabidopsis LEAFY, also suppress the transition from branch meristem to spikelet meristem (Ikeda et al. 2005 , Ikeda et al. 2007 , Ikeda-Kawakatsu et al. 2009 , Ikeda-Kawakatsu et al. 2011 . The expression pattern of APO2 is similar to that of OsSPL14. Moreover, in the apo1 and apo2 mutants, leaf generation was accelerated and overexpression of APO1 reduced tiller numbers (Ikeda-Kawakatsu et al. 2011) . Genetic analysis showed that OsSPL14 works downstream of APO1-APO2 (Supplementary Fig. S4 ). It was demonstrated that SPL3 in Arabidopsis directly binds the promoter of LFY in Arabidopsis ). It would be very interesting to investigate the interactions between OsSPL14, APO1 and APO2.
Application of OsSPL14 to produce root parasite-resistant plants
We demonstrated that OsSPL14 overexpression suppresses tiller outgrowth in d10-2, the SL biosynthesis mutant of rice. In general, expression levels of introduced genes vary among independent transgenic events and often this is an advantage for practical use. In this study, a clear correlation between the OsSPL14 expression level and the degree of suppression of tiller outgrowth was observed. Plant height was also reduced. Plants with a moderate phenotype in a d10-2 background were indistinguishable from WT non-transgenic plants. OsSPL14 overexpression can also be achieved without using transgenic plants. It has been reported that some rice cultivars contain a single nucleotide polymorphism at the OsmiR156 target site in OsSPL14 (Miura et al. 2010) . Dominant alleles containing the miR156-resistant mutations were also obtained in Arabidopsis (Usami et al. 2009 ). It is very likely that the strategy demonstrated here is broadly applicable to other crops as the function of OsSPL14 to suppress shoot branching, and its negative regulation by miR156, is evolutionarily conserved.
Materials and Methods
Plant materials
d3-2, d10-2 and apo-2 have been described previously (Umehara et al. 2008 , Ikeda-Kawakatsu et al. 2011 . Seeds of Arabidopsis thaliana WT (Columbia; Col-0), max1-4 (SAIL_25_A05) and max2-3 (SALK_092836) were obtained from the ABRC stock center (http://www.abrc.osu.edu).
Vector construction
pNip::mOsSPL14 has been described previously (Miura et al. 2010) . To generate OsmiR156ox plants, the sequence of OsmiR156b was amplified by PCR using the primers described by Xie (2006) . The amplified fragment was introduced into the pGWB2 expression vector (Nakagawa et al. 2007 ) using the Gateway system (Invitrogen).
Transformation
Rice (Oryza sativa) transformation was carried out as described by Nakagawa et al. (2002) . Arabidopsis transformation was performed following the method used by Clough and Bent (1998) .
Real-time RT-PCR
Total RNA was extracted using a Plant RNA Isolation mini kit (Agilent). After DNase I treatment, first-strand cDNA was synthesized using SuperScript III reverse transcriptase (Invitrogen). The primer sets used to amplify the transcripts were as follows: forward and reverse primers for OsSPL14, 5 0 -TG AATTTGACCAAGGAAAAC-3 0 and 5 0 -ATCCAACGTAAAGCT TCTGA-3 0 ; for OsUbiquitin 5 0 -AGAAGGAGTCCACCCTCC ACC-3 0 and 5 0 -GCATCCAGCACAGTAAAACACG-3 0 ; and for AtACTIN 5 0 -CAAAAACTACACACCCGTACCA-3 0 and 5 0 -TGT CTTCACCATCTGCCATT-3 0 . PCRs were performed with SYBR green I using a Light Cycler Õ 480 System II (Roche Applied Science).
In situ hybridizations
In situ hybridizations were performed as described by Kouchi et al. (1995) . The full-length cDNA of OsSPL14 was PCR amplified and cloned into the pENTR vector (Invitrogen) and linearized with an appropriate restriction enzyme. To make the antisense probe, in vitro transcription was performed using the linearized plasmid as a template, with the incorporation of digoxigenin (DIG)-UTP.
Hormone treatments
GR24 treatment was performed as described previously (Umehara et al. 2008) .
Supplementary data
Supplementary data are available at PCP online. 
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